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The formation process of Nb3A1 by a 
solid state reaction between Nb and A1 is 
examined for both powder metallurgy processed 
wires and sputtered multilayer films. It is 
turned out that the diffusion of A1 into Nb 
layer plays an important role in the 
formation process of Nb3A1, but the extremely 
thin Nb thickness is not necessarily needed 
for the solid state reaction on the basis of 
the study on multilayered films. We discuss 
on the relationship between the Nb layer 
thickness and the areal reduction ratio to 
the Nb3A1 formation in the powder metallurgy 
process. 
Introduction 
Recently it has been considered that 
Nb3A1 is one of most promising advanced 
superconductors, because it exhibits not only 
heigher HCz but also smaller strain effect’ 
than practical NbjSn superconductors. 
Previously we confirmed Hc2 higher than 31 T 
for a Nb3A1 sample prepared by the electron 
beam irradiation in NRIM3. Moreover, we 
already examined superconducting properties 
of a powder processed Nb3A1 wire with Nb-8.0 
wt.% A1 and areal reduction ratio R=104, and 
reported that it shows the good properties of 
Tc = 17.1 K, Hcz = 24.5 T at 4.2 K and Jc = 
104 A/cm2 at 17.5 T and 4.2 K.4 Recently, 
Takeuchi et reported a new fabrication 
process for Nb3A1 wires, similar to the 
conventional Nb tube method for NbjSn wires6. 
This fabrication process immediately spurred 
us to the realization of the practical Nb3A1 
superconductor. 
The long diffusion length of A1 into Nb 
is very important for the formation of A15 
Manuscript received August 22, 1988. 
Nb3A1 compound by the solid state reaction 
process such as powder metallurgy, jelly 
roll’ and new Nb tube composite methods5. 
Since the diffusion length of A1 is short, it 
was emphasized that a large areal reduction 
ratio R=105-106 was needed to reduce the 
diameter of Nb filaments in the powder 
metallurgy processed wire*. Bormann et al.’ 
reported that a homogeneous bcc solid 
solution of Nb and A1 should be firstly 
formed by the low temperature heat treatment 
at -700° C to avoid an unfavorable 
concentration gradient for the formation of 
A15 Nb3A1, and that for the formation of 
homogenous NbAl phase the thickness of the Nb 
layer less than 300  A is needed. 
Although our preliminary study on 
multilayer Nb/A1 did not show higher Jc 
values, we could find how the thickness 
of Nb layer influences on superconducting 
properties. 
This paper describes that the extremely 
thin Nb layer thickness is not by all means 
needed to get the excellent Jc properties by 
a solid state reaction for Nb3A1, but that it 
is rather important to optimize the heat 
treatment for powder metallurgy processed 
wires with an adequate areal reduction ratio. 
Experimental 
The powder processed wires having 3 . 6  
and 8.0 wt.% A1 compositions were prepared by 
the ordinary powder metallurgy process using 
hydride-dehydride Nb powder and atomized A1 
powder4. The wire with 8.0 wt.% A1 was drawn 
into wire with the maximum areal reduction 
ratio R=1.5xl04, where the effective Nb 
filament diameter was reduced to about 0 . 6  pm 
by this reduction ratio. Here we defined the 
efEective Nb filament diameter as deef=Nb 
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powder size/R1/’. These wires were heat- 
treated by an infrared image furnace. In 
order to improve superconducting properties 
of Nb3A1, the two stage heat treatment was 
performed. The time and temperature of heat 
treatment were optimized to get the largest 
Jc at 4.2 K as shown in Fig. 1. The heat 
treatment depends sensitively on the areal 
reduction ratio in 8.0 wt.% A1 wires. 
The multilayered films of 5.0 and 8.0 
wt.% A1 were made by the rf dual sputtering 
technique using pure Nb and A1 targets, and 
quartz substrate was used. Multilayered 
films prepared with various Nb layer 
thickness were heat-treated by the image 
furnace. The layer thickness was determined 
by measuring the total thickness, number of 
layers and total chemical composition as 
listed in Table 1. In order to check the 
layer thickness separately, a modulation wave 
length A of the multilayers with thin layers 
was also examined by a small angle X-ray 
diffraction. We observed A=193A for a Nb 
(147 A)/A1 ( 4 0  A )  multilayer (total thickness 
of 2800 A in Table 1) for instance. The X- 
ray diffraction patterns by Cu-K, radiation 
were also measured for the determination of 
the phases formed after the heat treatment at 
llOO°C for 1.5 minutes followed by 75OOC for 
98 hours. (Fig. 4, to be discussed later.) 
The critical current density Jc was 
measured by a four terminal resistive method 
with the criterion of 1 pV/cm. Electrical 
Heat treatment temp. 1 100°C 
A R=I.~ x104 
R=7.5x103 
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Fig. 1. Jc optimization by the two stage heat 
treatment for powder metallurgy 
processed 8.0 wt.% A1 wires. 
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Table 1,The layer thickness of the Nb/A1 
multilayered films with 8.0 wt.% A1 
and 5.0 wt.% Al. 
150 40 2800 
290 3700 
Nb-Bwt.’loAl I 620 I 180 I 4000 I 
2700 
260 2900 
1540 210 4400 
terminals were attached by an ultrasonic 
soldering on the powder metallurgy processed 
wires, and by soldering indium on the 
multilayer films. A 16 T water cooled magnet 
and a 23 T hybrid magnet in High Field 
Laboratory for Superconducting Materials at 
Tohoku University were used. 
Results and discussion 
J c - B  curves of the powder processed 
wires and multilayered films measured after 
the two stage heat treatment are shown in 
Fig. 2 .  The two stage heat treatment is very 
effective for improvement of Jc of the 8.0 
wt.% A1 wires, while not effective for that 
of the 3.6 wt.% A1 wire. The multilayer 8.0 
wt.% A1 film (total thickness of 5000 A )  
heat-treated in two stages exhibits lower Jc 
than the 8.0 wt.% A1 wires, though the former 
has the best Jc among multilayered films. 
Figure 3 shows the relationship between 
the magnetic field where Jc becomes lo4 A/cmz 
and the effective Nb filament diameter deff. 
The value of B(Jc = 104 A/cmZ) is nearly 
constant in the effective Nb filament 
diameter range of 0.85 - 0.15 pm. This 
figure includes also data by other 
authors518. Thus it may be clear that the 
extremely thin Nb thikness is not needed to 
obtain the Jc value of lo4 A/cm’. 
Figure 4 shows the X-ray diffraction 
patterns for the multilayered samples. All 
the samples with 120 to 1750 A Nb layer 
! 
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1 1 0 0 ° C ~  1.5Mt75O0Cx96H 
800°Cx32H 
Fig. 2. Jc-B curves for the powder metallurgy 
(P/M) processed wires and the 
multilayered (M/L) films. 
thickness were heat-treated under the same 
condition of the two stage heat treatment at 
llUU°C followed by 75OoC, which was similar 
to that used for the powder metallurgy 
processed wires. The 8.0 wt.% A1 sample with 
the Nb layer thickness of 150 A exhibits 
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Fig. 3.Magnetic frield B where Jc = l o 4  A/cmZ 
as a function of effective Nb 
filament size deff. 
Fig. 4.X-ray diffraction patterns from the 
multilayered samples. 
clear A15 phase was observed only for 8.0 
wt.% A1 films with Nb layer thickness of 980 
A .  This result suggests that the thiner Nb 
layer thickness than 300 A is not always good 
for the production of the A15 phase. On the 
other hand, the A15 phase is not observed for 
the 5.0 wt.8 A1 multilayered films at all, so 
that its Jc value is too low. 
If we follow Bormann's model for 
the formation of the A15 phase in Nb/A1 
multilayered films, the present results can 
be explained as follows. In the 5.0 wt.% 
A1 multilayered films, the diffusion of A1 
during the two stage heat treatment is not so 
fast that the large gradient of the A1 
concentration remains. The bcc NbAl phase 
grows at the Al-poor region and the U phase 
appears at Al-rich regions. The A15 phase 
does not grow, because the U phase prevents 
the supply of A1 to the Al-poor region. 
In the 8 . 0  wt.% A1 multilayered film, 
the large gradient of the A1 concentration is 
also considered to appear. However, since 
the A1 concentration is higher than the case 
of 5.0 wt.% A1 film, the most of the Al-rich 
region will grow up into the NbA13 phase. 
This transformation produces a little amount 
of the A15 phase again. 
In the powder metallurgy processed wire, 
the diffusion of A1 is very fast, because the 
large areal reduction ratio R increases the 
mobility of atoms. The 3.6 wt.% A1 wires, 
however, run short of A1 concentration from 
the standpoint of stoichiometry. This point 





is improved in the 8.0 wt.% A1 system. 
Therefore, the 8.0 wt.% A1 wires show the 
excellent properties of Jc = 104 A/cmz at B = 
18.5 T. 
It is necessary for the excellent 
current capacity to make the homogeneous 
Nb3Al by a diffusion reaction in a short 
time. The powder metallurgy processed wires 
experience the areal reduction, while the 
multilayered films do not. This is the 
reason why the effective Nb filament diameter 
of 0.6 pm is enough to get the A15 phase in 
the powder processed wires, but the Nb layer 
thickness of 0.1 pm is necessary to get it in 
the multilayered films. Thus the extremely 
thin Nb thickness is not needed to get the Jc 
value of lo4 A/cm2 in powder metallugy 
porcessed wires. The diffusion process is 
strictly related to the areal reduction 
ratio. 
Conclusion 
It is turned out that the A1 diffusion 
is enhanced by an areal reduction ratio in 
the solid state reaction for Nb3A1. It is 
more important for powder metallurgy 
processed wires to optimize the heat 
treatment rather than to reduce the Nb 
filament diameter extremely. 
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